The recycling of copper and nickel from metallurgical wastewater using emulsion liquid membrane (ELM) was studied. P507 (2-ethylhexyl phosphonic acid-2-ethylhexyl ester) and TBP (tributyl phosphate) were used as carriers for the extraction of copper and nickel by ELMs, respectively. The influence of four emulsion composition variables, namely, the internal phase volume fraction (φ), surfactant concentration (Wsurf), internal phase stripping acid concentration (Cio) and the carrier concentration (Cc), and the process variable treat ratio on the extraction efficiencies of copper or nickel were studied. Under the optimum conditions, 98% copper and nickel were recycled by using ELM. The results indicated that ELM extraction is a promising industrial application technology to retrieve valuable metals in low concentration metallurgical wastewater.
INTRODUCTION
Copper and nickel have been widely applied in various industrial fields. For instance, nickel has been widely used in the production of stainless steel, non-ferrous alloys and nickel based superalloys, electroplating, batteries, and catalysis due to its superior corrosion and temperature resistance properties. The global demand for refined copper is approximately 13 million tons per annum (Sengupta et al. a) . However, copper and nickel contamination exists in the majority of industrial effluents and wastewater. According to the World Health Organization, the most toxic metals involve aluminum, chromium, iron, cobalt, nickel, copper, zinc, cadmium, mercury, and lead. As is widely known by the public, heavy metals have negative impacts on environmental quality and human health. They are non-biodegradable and will accumulate in living organisms causing various diseases and disorders (Zhao et al. ; Nosrati et al. ) . Thus, there is general concern to minimize the discharge of hazardous metals from liquid effluent streams into the environment by means of precipitation, adsorption, or solvent extraction. Among the available means, solvent extraction offers many advantages in heavy metal ion wastewater treatment, such as no sludge formation, greater ease and flexibility of operation, high ability to handle feed of a wide range of concentrations, high separation selectivity, etc.
Extraction of copper and nickel, individually or with metal values from various wastewaters, has been investigated by several researchers (Barik et al. ; Lu & Dreisinger ; Hutton-Ashkenny et al. a, b; Liu et al. ) . Due to the large requirement of solvent, extractant, and strippant, solvent extraction becomes uneconomical for treating leach solutions containing metal values in low concentrations. In addition, the possibilities of solvent carry over, solvent losses, inefficient stripping, etc., may lead to poor performance. However, these drawbacks can be overcome by using the emulsion liquid membrane (ELM) separation technique.
Since their invention, ELMs have been employed for wastewater treatment and metal recovery from residual aqueous solutions produced by galvanic plants or mine waters (Correia & Carvalho ; Park et al. ; Bahloul et al. ) . ELMs have high interfacial areas of mass transfer due to the small size of the aqueous phase droplets, so the metal ions have a high diffusion rate through the membrane. ELMs can break the equilibrium limitations of solvent extraction by combining extraction and stripping in a simultaneous operation, thereby reducing the metal concentration in the feed stream to a very low level. ELMs have been used to treat aqueous streams contaminated with heavy metals and organic pollution ( Jiao et al. ; Chaouchi & Hamdaoui ; Sulaiman & Othman ) .
ELMs for metal extraction are prepared by forming a water phase inside an oil phase (W/O) and stabilized by a surfactant. The external oil phase of the emulsion contains the metal ions extracted, while the internal aqueous phase contains a stripping acid or alkali that can strip the metal ions from the extractant. The emulsions are then dispersed by mild agitation into the feed phase containing the metal ions and broken up into tiny droplets. The transport mechanism of metal ions from the external phase to internal phase in ELMs is represented by the scheme shown in Figure 1 .
First, the metal ions present in the feed phase react with the extractant (HR org ) present in the oil phase of the emulsion at the interface between the emulsion globule and the feed. The chemical reaction can be described by:
After that, the resulting metal ions complex (MR norg ) diffuse into the oil phase of the emulsion and contact with the internal stripping phase; then, metal ions are stripped from the extractant as the following chemical reaction:
Lastly, the loaded emulsion is separated from the feed solution by demulsification, yielding an oil phase that can be recycled. The heavy metal ions can subsequently be concentrated by electroplating or crystallization from the stripping phase.
Removal of copper and nickel ions from wastewater using ELMs has been widely studied in recent years (Martin & Copper and nickel ions always exist simultaneously in dilute leaching solutions from hydrometallurgy, because these two different elements are combined together chemically in the form of a stable compound. It is extremely difficult to separate and recover pure copper and nickel ions from the leaching wastewater due to their similar physico-chemical properties. Single-ion extraction was accomplished in some studies (Sengupta et al. a, b, ; Gameiro et al. ) . In those studies, copper or nickel as a single-ion in the wastewater was recycled by ELM extraction technology. The proper composition of ELMs and suitable extraction condition for copper or nickel was explored; however, the extraction selectivity of ELMs was not considered because there was only one metal ion in the wastewater. The separation of nickel and cobalt by ELM extraction has also been discussed (Kumbasar , a, b). However, little attention has been devoted to the extraction and separation of copper and nickel simultaneously. Therefore, it is necessary to find suitable extractants for the extraction of copper and nickel separately in order to achieve separation of copper and nickel. There are two types of possible operation: selective extraction or co-extraction followed by selective stripping. ELMs are suitable for the former by combining extraction and stripping in a simultaneous operation. The purpose of this paper was to find an effective extractant and optimization process for ELM extraction of copper and nickel, respectively.
Earlier copper extractants used, such as LIX 63, LIX 65, etc., are no longer commercially available (Sengupta et al. a) . P507 and tributyl phosphate (TBP) have already been widely used in industrial extraction, but in the present work, the extraction of copper and nickel from aqueous sulfate by ELMs with extractants P507 and TBP as carrier is not reported. The effect of various emulsion preparation parameters and process variables on the extraction of copper and nickel into ELMs was investigated in this study. The ELMs were appropriately characterized to set a benchmark for commercial applications. 
MATERIALS AND REAGENTS

EXPERIMENTAL Membrane preparation
The membrane preparation for copper extraction was as follows: liquid paraffin and kerosene were emulsified at a mixing speed of 3,500 rpm by a high-shear emulsor in a 20 mL mixture of P507, SP8. 20 mL sulfuric acid solution was used as stripping solution. Stripping solution was added dropwise to the membrane solution. The solution was stirred continuously for 10 min, so that the mixture of membrane and stripping solutions was emulsified. The membrane preparation process for nickel extraction was the same as that for copper extraction, except that TBP was used as the extractant and sodium hydroxide as the stripping solution.
Experimental method
First, an amount of feed solution was added into a 500 mL beaker, and the pH value was adjusted to 2 by sulfuric acid. Then, a proportion of prepared ELM for extracting copper was mixed into the beaker (the volumes of feed solution and ELM are not constant because different treat ratios (TR) should be researched), the mixtures were stirred by a mixer equipped with a turbine-type impeller at 300 rpm for 10 min. After stratification, wastewater was separated and mixed with another ELM for extracting nickel. The separation of the copper and nickel was accomplished by two steps. First, copper was extracted by P507 and then nickel was extracted by TBP. The extraction separation of the copper and nickel was accomplished by two steps. First, copper was extracted by P507 and then nickel was extracted by TBP. The extraction experiments were carried out batchwise at the ambient temperature.
To determine the major variables governing the permeation and separation of copper from the acidic leach solution containing copper and nickel, internal phase volume fraction (φ), surfactant concentration (Wsurf), internal phase stripping acid concentration (Cio) and carrier concentration (Cc), TR were varied to investigate their effects on copper extraction and separation. At the end of each run, the emulsion was recovered and subsequently broken into its constituents by means of ultrasonic method.
Analytical method
The extraction efficiencies of metal ions were monitored by analyzing samples of the feed solution periodically. Atomic absorption spectrophotometry (Shimadzu AA-6800 model, Tokyo, Japan) was used for determination of copper (324.8 nm) and nickel (232 nm).
RESULTS AND DISCUSSION
Effect of internal phase volume fraction (φ)
Change in the internal phase volume fraction of the emulsion not only leads to the change in all emulsion properties, but also results in the change in the extraction capacity of the emulsion. P507 has a good selectivity for copper extraction; the extraction efficiencies for copper and nickel are shown in Figure 2(a) . The extraction efficiencies for copper were much higher than the nickel extraction efficiencies with different φ, and the highest rate of extraction was observed for the emulsion with φ (0.5). The similar effect of φ on extraction nickel using the TBP is shown in Figure 2(b) . The emulsion droplets increased and stripper capacity was enhanced with the increase of φ (Sengupta et al. a). Increasing φ is beneficial to the improvement of the extraction rate due to the reduction of diffusion path length within the globules, but emulsion swelling caused by high φ is detrimental to the extraction process and could rupture the emulsion globules. As a result, the extraction rate of the copper and nickel in ELMs decreased with the increase of φ more than 0.5. The same extraction process was reported in the literature (Chiha et al. ) .
Effect of surfactant concentration (Wsurf)
The surfactant concentration of emulsion has a profound influence on the stability and extraction effect of ELMs. Span80 surfactant molecules with both hydrophobic and hydrophilic groups can be arranged directionally to adjust the surface tension and interfacial tension. Meanwhile, surfactant is an important ingredient in ELMs to maintain a stable interface between the oil and water phase. Increasing the surfactant concentration from 3% to 7% resulted in a change in the amount of metal ions extracted, as shown in Figure 3 . The thickness and surface tension of emulsion membrane increased with the increase of surfactant concentration, thereby the extraction rates of copper and nickel both increased, as shown in Figure 3 surfactant and increase in interfacial viscosity that would decrease the rate of metal complexation at the interface between membrane phase and feed phase, and decrease of the movement velocity of inner droplets within the emulsion globule. The extraction rates decreased after surfactant concentration was higher than 5%. The results agree well with other studies (Chiha et al. ) .
Effect of internal phase stripping acid or alkali concentration (Cio)
The extraction capacity of the emulsion is limited by the internal phase stripping solution type and concentration. The influence of sulfuric acid concentrations (1.5-3.5 mol/L) on the emulsion extraction efficiencies are shown in Figure 4(a) . There is a substantial increase in extraction efficiencies with an increase in sulfuric acid. The variation in the extraction efficiencies was attributed to the difference in the rates of stripping under different acid concentrations in the inner stripping phase. When the concentration of stripping acid in the emulsion is low, the copper complex is required to penetrate deeper within the emulsion globule to be stripped, since the inner stripping phase droplets close to the surface of the globule quickly become exhausted (Valenzuela et al. ) . The increase in the diffusion path length causes a decline in the extraction rates. An excessive concentration of stripping acid, as a strong electrolyte, will thin the diffused electricity layer, and can cause hydrolysis of the surfactants Span80. When the stripping acid concentration in the emulsion is above 3 mol/L, the stability of ELMs was weakened. The results were in good agreement with the results reported by Valenzuela et al. () . Emulsion swelling and break led to the decrease of copper extraction efficiencies.
The effect of sodium hydroxide (0.2-1.5 mol/L) as the stripping phase on the extraction efficiencies of nickel was investigated. As seen from Figure 4(b) , the extraction efficiencies nearly remained higher at lower sodium hydroxide concentration range from 0.2 to 1.0 mol/L, while above 1.0 mol/L it decreased with the increasing of sodium hydroxide concentration. These results were similar to previous reports (Zhao et al. ) . The excessive concentration of sodium hydroxide, similar to sulfuric acid, will lead to emulsion swelling and break, thus decreasing nickel extraction efficiencies.
Effect of carrier concentration (Cc)
Carrier plays a vital role in the overall extraction behavior of an ELM system. Figure 5 shows the effect of carrier concentration on copper and nickel extraction behavior into ELMs by P507 and TBP as carriers, respectively. A good selectivity of copper extraction was maintained by P507 with different concentrations. It was evident from Figure 5 that increasing the carrier concentration in the oil phase of the emulsion led to a progressive increase in extraction efficiencies of copper and nickel from feed phase, but a further increase in carrier concentration resulted in a decrease in the rates of extraction as well as in the overall extent of extraction. 
This extraction behavior was attributed to the surface active nature of carrier and the rheological behavior of the emulsion. A high concentration of carrier can provide the necessary channel for metal ion extraction; however, further increases in the carrier concentration would not result in a high extraction rate because the viscosities of membrane and emulsion as well as the interfacial tension tended to increase at higher carrier concentrations. Increased interfacial tension led to an increase in emulsion globule size causing a decline in the surface area that resulted in lowering of extraction efficiencies. An increase in emulsion viscosity affected its dispersion behavior. It resulted in the formation of large sized globules which caused a decline in the interfacial areas, as was noted by other research (Sengupta et al. a; Gameiro et al. ) .
Effect of TR
TR is the ratio of the emulsion phase to the feed phase; it plays an important role in determining the extraction efficiencies of ELMs. A larger TR value translated to a larger contact area of ELM with the solution to be treated, resulting in a greater mass transfer ratio, consequently increasing the extraction capacity of the emulsion, but at the expense of higher extractant dosage. The effect of the TR on the emulsion extraction efficiencies were studied in the range of 1:2-1:6 and the results obtained are shown in Figure 6 . As seen from Figure 6 , for not only copper extraction by P507 but also nickel extraction by TBP, the extraction efficiencies increased with the increase of TR. However, when the TR exceeded 1:3, the extraction efficiencies decreased. Continuous increase in emulsion holdup resulted in formation of larger globules and also shifted the globule size distribution to the higher end of the spectrum. According to the literature (Zhao et al. ) , larger globule sizes led to a decrease in external mass transfer areas that was, in many cases, a rate-limiting step. Furthermore, larger sized globules also increased the effective diffusion path lengths within the globule, which resulted in a decline in extraction efficiencies. Moreover, an excessively large TR value increased the emulsion swelling, which led to a more difficult separation of the membrane phase from the feed solution. An increase in emulsion holdup enhanced globule-globule interactions that led to phenomena of globule breakage, globule coalescence, redispersion, etc., which resulted in release of the encapsulated metal ions back to the feed phase (Sengupta et al. a) .
CONCLUSIONS
ELMs extraction was an effective method to separate and retrieve valuable metals in low concentration feed solution. In this investigation, copper and nickel were successfully separated and retrieved in the simulated wastewater by ELMs extraction using P507 and TBP as extractants, respectively. P507 performed a good selectivity of copper extraction in the separation of copper and nickel. Sulfuric acid and sodium hydroxide were used as stripping agent in the copper and nickel stripping process, and both showed good stripping effect with different concentrations.
This investigation revealed that with an increase in internal phase volume fraction, surfactant concentration, internal phase stripping agent concentration, the TR and the carrier concentration TR of emulsion to feed, the extraction efficiencies increased and then declined; every influence factor had a optimum value. Under the optimum conditions, it was possible to recycle 98.32% of copper and 98.74% of nickel by using ELM, respectively.
It should be noted that this study has examined only copper and nickel which exist simultaneously in dilute leaching solutions. The selectivity of extractant used in this investigation for copper and nickel in several metal ions coexistence has not been considered. Notwithstanding its limitations, this investigation should encourage and give impetus for process intensification of copper and nickel extraction at low concentration using ELMs.
